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Autoaggregation of widely dispersed Xylella fastidiosa cells into compact cell masses occurred over a period
of hours following 7 to 11 days of growth in microfluidic chambers. Studies involving the use of mutants
defective in polarly positioned type I (fim4-negative), type IV (pilB-negative), or both type I and IV (fim4- and
pilO-negative) pili revealed the importance and role of pili in the autoaggregation process.

The gram-negative bacterium Xylella fastidiosa is an impor-
tant plant pathogen in the warmer regions of the Western
Hemisphere. The bacteria cause severe diseases in many hosts
such as citrus, grape, almond, coffee, and oleander (19). X.
fastidiosa is known to persist only in the water-conducting
xylem vessels of plants and in the foregut of different classes of
sharpshooter insects that serve as vectors as they feed on xylem
fluids (19). The mechanism(s) by which the bacteria cause
disease expression is not fully understood; however, the most
plausible explanation is that, as they colonize xylem vessels,
biofilm-like aggregates block the passage of water and nutri-
ents from the roots to the leaves (20, 27, 36). Other studies
suggest that toxins produced by X. fastidiosa could also affect
the plant host, resulting in disease expression (28).

Bacterial biofilms occur over a wide range of species and on
many environmental surfaces (2, 32). For bacteria living in
association with plants, biofilms serve as a means of protection
against environmental stresses (5), and for vascular plant
pathogens, such as X. fastidiosa, biofilm formation likely serves
in absorption of nutrients for the bacteria (27). Biofilm forma-
tion is a highly regulated process involving cell adhesion, ag-
gregation, and community expansion (32). In X. fastidiosa, the
process of cell aggregation is particularly important and yet is
poorly understood.

Many gram-negative bacterial species form cell aggregates
that contribute to biofilm development (32, 33). Bacterial cell
surface adhesins, and in particular many types of fimbriae and
pili, function in cell aggregation and are especially important in
the initial stages of adherence to surfaces (32). Interactions
between bacteria also contribute to aggregation as well as to
microcolony development, steps important in initiation of bio-
films. Such interactions are controlled by a range of factors,
including quorum sensing mediated by N-acyl homoserine lac-
tones in Pseudomonas aeruginosa (7) and Burkholderia cepacia
(21); exopolysaccharides (4, 34); plasmid-encoded type IV
bundle-forming pili in Escherichia coli (23); and afimbrial Xad,
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Hxf, and Hec adhesins in Xanthomonas campestris and X. fas-
tidiosa (12, 14, 15, 24).

In this study we describe a process of cell autoaggregation by
X. fastidiosa, an event that was initially discovered during the
course of assessing temporal and spatial dynamics of biofilm
development by this plant pathogen. Here we report that the
process is reliant upon the presence of both type I and type IV
pili, with each pilus type playing a specific role in the structural
dynamics of the resultant aggregates.

Autoaggregation of X. fastidiosa WT cells. Wild-type (WT) X.
fastidiosa (37) cells were grown in microfluidic chambers contain-
ing PD2 medium (8). Microfluidic chambers used in this study
consisted of two parallel microchannels, each 80 pm wide, 3.7 cm
long, and 50 wm deep, and were prepared as previously described
(9, 10). Fabrication of these devices was similar to that reported
by Meng et al. (26) and in brief consisted of photolithography and
deep reactive-ion etching of a silicon wafer followed by replica
molding of the wafer surface features with polydimethylsiloxane,
which was sandwiched between a glass microscope slide and cov-
erslip. Cells from 4- to 6-day-old bacterial cultures grown on
modified periwinkle wilt agar plates (26) were suspended in PD2
broth and introduced into the channels of the chambers. Once the
cells attached to the glass surface of the microfluidic channels,
medium flow was maintained at 0.2 wl min~"' (equivalent to 1 X
10* pm min %) for 10 to 12 days. Dynamic aspects of X. fastidiosa
cell activities, e.g., type IV pilus twitching motility, cell multipli-
cation, and aggregation, were observed as previously reported
using time-lapse video imaging microscopy (9, 10, 26). Within 3 to
5 days many individual cells had formed small star-shaped aggre-
gates comprised of a few to many cells (Fig. 1), most of which
were attached to each other at the pilus-bearing poles. By 7 to 11
days, X. fastidiosa cells and small aggregates occupied much of the
glass surface within the channels. It is noted that X. fastidiosa is a
very slow growing bacterium, with doubling times between 5 and
10 h (13) and as long as 1.9 days (39), thus the long observation
times. During this time period the process that we refer to as
autoaggregation started and appeared as an accelerated amassing
of individual cells and small aggregates. The main characteristic
of this process was that dispersed cells merged into compact
spherical cell masses (Fig. 2A; see Movie S1 in the supplemental
material [all supplemental movies are also present at http://www
.nysaes.cornell.edu/pp/faculty/hoch/movies/) over relatively short
periods of time, typically 3 to 10 h. Cells continued to be inte-
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FIG. 1. WT Xylella fastidiosa cells forming star-shaped aggregates
within a microfluidic chamber. Such aggregates occurred after 3 to 5
days of growth.

grated into the developing aggregates until most cells in the re-
gion were subsumed by the developing aggregates (Fig. 2A). In
general, multiple aggregates formed simultaneously, and these
individual aggregates merged over the course of a few hours (Fig.
2B; see Movie S2 in the supplemental material). On occasion,
large cell masses broke loose from the channel and were carried
downstream, disrupting previously formed aggregates and dis-
persing the individual cells as they passed (Fig. 2C; see Movie S3
in the supplemental material). The dispersed cells reformed into
aggregates within a few hours (Fig. 2C). This dispersal and ref-
ormation of aggregates occurred repeatedly. Aggregation, and
especially reaggregation, of dispersed X. fastidiosa cells appeared
to be related to fimbrial adhesins or possibly to hydrophobic-
hydrophilic phenomena that might occur between cells and the
medium. Thus, we investigated surface properties of the cells with
this in mind.

Influence of pilus type on autoaggregation. Mutants defi-
cient in genes necessary for production of type I and type IV
pili were previously obtained by random mutagenesis using an
EZ:TN Tn5 transposome system (16, 25, 26). The parallel-
channel design of the microfluidic chambers allowed for simul-
taneous comparison of different pilus-defective mutants with
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the WT isolate. A pilY] mutant (TM14) (10, 25) thought to be
defective for a pilus tip protein exhibited aggregation charac-
teristics indistinguishable from those of the WT isolate (Fig. 2;
see Movie S1 in the supplemental material). A fimA mutant
(6E11) (26) defective for production of type I pili also exhib-
ited autoaggregation events similar to that seen with the WT
isolate; however, aggregates formed by the fimA mutant oc-
curred with lower frequency. Time-lapse microscopy revealed
that, while individual cells merged to form aggregates, they
often dispersed after coming together but eventually formed
stable aggregates, albeit somewhat smaller than the WT aggre-
gates (Fig. 3; see Movie S4 in the supplemental material). The
process of autoaggregation of the fimA mutant was observed
especially in areas of the chamber with significantly reduced
flow. This mutant lacks the strong attachment to the substra-
tum conferred by type I pili (9, 10); therefore, the aggregates
were easily washed downstream in areas of stronger flow in the
chamber.

A pilB mutant (1A2) (26) defective for the presence of type
IV pili did not form spherical or compact aggregates (Fig. 3;
see Movie S5 in the supplemental material). Instead, the cells
remained attached to each other (mostly end on end) following
cell division, forming lace-like masses often occupying the en-
tire chamber volume. These cell masses were eventually dis-
placed downstream with the medium flow. A fimA pilO double
mutant (DM12) (25), defective for both type I and type IV pili,
similarly did not exhibit autoaggregation characteristics (Fig. 3;
see Movie S6 in the supplemental material). While cells of this
mutant multiplied and occupied much of the channel, they
remained separated from each other, even in the areas of
significantly reduced flow.

Cell surface physical properties. Considering the clear dif-
ference in aggregation behavior between young (a few days
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FIG. 2. Time-lapse images of autoaggregation of WT X. fastidiosa cells. (A) Phase-contrast images depicting individual cells being attracted to
a developing spherical cell aggregate. (B) Nomarski differential interference contrast (DIC) images illustrating aggregation of cells into distinct
aggregates, many of which merge with each other. Individual aggregates, denoted by arrowheads and asterisks, at 02:48 (relative time is indicated
as h:min) merged into single aggregates by 04:53. (C) DIC images depicting a large cell aggregate being displaced downstream by medium flow
and in the process disrupting smaller aggregates into dispersed cells that quickly reaggregated. Medium flow is left to right. For corresponding

movies see the supplemental material.
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FIG. 3. Time-lapse images of aggregation of pilus-defective X. fastidiosa mutants. Cells of the fimA mutant (lacking type I pili) often formed
tenuous aggregates (circles, arrowheads). Cells of a pilB mutant (lacking type I'V pili) did not form spherical aggregates but instead developed loose
lace-like structures. Cells of a double mutant (fimA pilO) defective in both type I and type IV pili similarly did not form aggregates but instead
remained dispersed as individual cells. Relative time is indicated as h:min. Medium flow is left to right. For corresponding movies see the

supplemental material.

old) and older (7 to 11 days old) X. fastidiosa cells, the prop-
erties of surface hydrophobicity and charge (zeta potential)
were assessed for cells 3 and 8 days old. Hydrophobicity was
determined using the technique “bacterial adhesion to hydro-
carbons” (29) with some modifications. Briefly, planktonic WT
X. fastidiosa cells were harvested and washed twice with potas-
sium-urea-magnesium buffer (29) and then mixed (2:1) with
each of three hydrocarbons (n-hexadecane, n-octane, and p-
xylene). Affinity of bacterial cells for the organic phase, viz., the
percentage of hydrophobicity, was measured as a reduction in
optical density of the aqueous phase. Three-day-old cells were
significantly (P = 0.0001 for each one of the hydrocarbons)
more hydrophobic than 8-day-old cells (Fig. 4). No significant
differences in hydrophobicity values between planktonic cells
and biofilm cells from the same culture age were noted (data
not shown). Higher levels of hydrophobicity among young cells
may help in the process of initial cell aggregation, since cells
are immersed in a hydrophilic aqueous environment; however,
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FIG. 4. Hydrophobicity of WT X. fastidiosa cells grown for 3 (open
bars) and 8 (solid bars) days, assessed by partitioning into three dif-
ferent hydrocarbons. Different letters indicate a significant difference
(P = 0.0001) for each hydrocarbon. Data were collected from six
independent experiments (three for each time point), which included
three or four replicates for each hydrocarbon, and analyzed indepen-
dently for each hydrocarbon by one-way analysis of variance. Mean
separation was performed by Fisher’s protected least significant dif-
ference test (P = 0.05).

it was anticipated that older cells would have been more hy-
drophobic as a characteristic contributing to autoaggregation.
The increase in hydrophilic properties of older cells may be a
consequence of exopolysaccharide production, since these
molecules are generally hydrophilic (30, 34).

Surface charge, measured as the zeta potential, was deter-
mined using a Zetasizer (Malvern Instruments Ltd., Worces-
tershire, United Kingdom) in a buffer with pH 7.4 and approx-
imate ionic strength of 0.2 M. Three samples from each time
point (3 and 8 days) were measured, and no significant (P =
0.11) differences were observed. The average zeta potentials
for 3-day-old and 8-day old cells were —16.0 mV and —9.60
mV, respectively. In general, particles with zeta potentials
more negative than —30 mV are considered stable. Zeta po-
tential values observed for WT X. fastidiosa cells indicate that
these bacterial cells are “nonstable”; thus, the force is not
strong enough to prevent cell aggregation.

The autoaggregation phenomenon observed in the present
study resembles autoaggregation previously described, for mam-
malian-associated bacterial pathogens, as flocculation and settling
of cells in liquid culture, as clumping of cells, or as formation of
spherical bacterial aggregates in tissue culture media (1, 5, 11, 18,
22,31, 35). All of these descriptions involve a process where cells
in suspension rapidly aggregate over a short period of time. The
present observations were made at the cell level under dynamic
conditions in microfluidic devices, while previous studies were at
more gross culture plate or tube level.

The phenomenon of autoaggregation in X. fastidiosa clearly
requires the presence of type IV pili, which are also responsi-
ble for twitching motility (26). Autoaggregation, as studied in
other bacterial species, is triggered by a number of factors
depending on the bacterial species and environmental condi-
tions. They include involvement of surface properties such as
antigen 43 and type 1 fimbriae in E. coli (17, 31), type IV
bundle-forming pili (3), outer membrane proteins in E. coli
(38) and Bartonella quintana (40), chemosensory pathways (6)
in P. aeruginosa, and temperature in E. coli (3, 31).

As observed in the microfluidic devices, autoaggregation in
X. fastidiosa appears to be population density dependent and
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may explain in part the seemingly “overnight” appearance of
Pierce’s disease symptoms in infected grapevines. Once the
plant is infected, relatively long periods of time (>12 weeks for
greenhouse-grown plants) pass before symptoms appear, and
then they develop rapidly over a period of a few days. It is
possible that widely dispersed X. fastidiosa cells in xylem ves-
sels reach a critical population density, aggregate into large cell
masses, and plug the vessels, thus leading to disease symptom
expression. In nutrient broth culture, mutants deficient in type
IV pili formed thicker biofilms than the WT isolate, while
mutants defective in type I pili developed very weak biofilms
(25). The results presented in this study suggest that type I and
type IV pili are necessary to form stable aggregates that
contribute to biofilm formation, which is responsible for ob-
struction of flow in the xylem vessels of infected plants.
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